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A control system for a Hydraulic Hybrid Propulsion
System (HHPS) is proposed and specified. Performance
of the control system Is evaluated by means of digital
computer simulation of the total propulsion system.
In order to accomplish this, analytical models of HHPS
components are developed. The simulation consists of
a city bus negotiating a typical driving cycle devel
oped for this purpose on the basis of actual city bus
cycle data.
Performance of the control system is found to be
satisfactory in all phases of driving cycle with the
exception of transition from acceleration to cruise.
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1. INTRODUCTION
The Hydraulic Hybrid Propulsion System (HHPS) is an
energy conversion system employed to recover and/or con
serve energy associated with vehicular motion. The
system is described in detail ln Ref. 1 and 3. The
following is a brief summary of involved .
The engine size of a conventionally driven vehicle
is dictated by peak power requirements of the accelera
tion phase of the driving cycle while only a fraction
of the available power is used during cruise. To
illustrate the magnitude of the imbalance, consider a
conventional 4000 lb automobile. Such a vehicle needs
to be equipped with approximately a 200 hp power plant
in order to have an adequate acceleration performance.
In contrast, only about 30 hp is required to power such
a vehicle during a 60 mph cruise (l). Kinetic energy
of such a vehicle is then irretrievably lost during the
t
vehicle s stoppage.
The HHPS is a means of retrieving that portion of
kinetic energy which would otherwise be lost during
braking, and applying it, as a supplement to the prime
mover, during acceleration. The prime mover size is
thus substantially reduced. A corresponding reduction
1
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in fuel consumption and emission of pollutants can be
expeoted. Since the recovery phase of the HHPS replaces
braking, brake usage is limited to emergencies and lower
brake maintenance results. The city bus, because of its
operational environment and relatively well-defined
driving cycle of short duration, appears to be the type
of vehicle most suitable for HHPS application.
The analytical, experimental, and j>roof-of-concept
work related to HHPS performance has been carried out
(2,3). A suitable energy management strategy has been
proposed and analyzed. The ultimate objective of the
effort is the application of the HHPS to an actual
vehicle. To accomplish this a suitable control system
must be developed.
It is the objective of this work to define func
tions of such a system with respect to the vehicle
operator and the HHPS and make a design proposal. The
design and functional operation of the control system
as well as hardware concepts are given. Although the
control system operation is based on city bus applica
tion requirements, it can be adapted to general vehicle
application. In order to evaluate the design, the per
formance of the vehicle, as affected by the control
system, will be investigated and evaluated. For this
reason, a simplified driving cycle based on actual data
is also developed.
2. PREVIOUS WORK
The control system is an integral part of HHPS;
correspondingly, its design Is a part of a larger
effort to bring the HHPS from conception to reality.
This work thus draws upon the following work previously
done in the area of HHPS.
1. The initial analysis of energy requirements,
pollutant emissions, and driving cycles as related to
HHPS, was conducted by H. S. Dunn and P. H. Wojciechowski
from the University of Rochester (l).
2. Laboratory tests for the purpose of verifying
conclusions of the initial study were conducted by
H. S. Dunn and P. H. Wojciechowski at both the University
of Rochester and the Rochester Institute of Technology,
(2,3).
3. Mr. E. Galloway, a graduate student at RIT,
conducted a computer simulation of HHPS with the ob
jective of establishing an optimum control strategy and
obtaining corresponding fuel consumption and emission
levels data (4).
4. Other research on HHPS has been carried out by
Otis & Elder (6) at the University of Wisconsin
(Madison) and by Tantaglia (5) at the University of
Massachusetts (Amherst). Results of their work are
discussed by Galloway (4).
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5* Actual bus data was collected, ln cooperation
with the Rochester Transit System (RTS), by J. D.
Heinzman, Jr., an undergraduate at RIT. This data is
used, to develop the simplified driving cycle in Section 2.
3. DRIVING CYCLE
In order to develop and evaluate a HHPS control
system, it is desirable to construct a reasonable yet
simple standard of bus performance in the form of a
driving cycle. In this section, actual city bus data
is analyzed to establish such a simple driving cycle.
This cycle will also be used to size the HHPS compo
nents.
3.1 Data
The data used here was collected, on a single,
reasonable level, RTS route containing sections repre
sentative of both urban and suburban driving. A
description of the procedure and. the raw data are
given'
in Appendix A. A total of 62 driving cycles defined
from stop to stop is recorded. No gradient or wind
data is available. The general validity of conclusions
reached, here should be viewed in the light of these
limitations.
3.2 Cycle Duration
As noted, the data available yielded. 62 cycles of
5-120 sec. duration. A frequency distribution of cycles
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Since both the urban and. suburban driving cycles
are included ln the data, the above figure is Inter
preted to represent urban driving in the range of 5 to
50 sec. and suburban driving in the range of 51 to 120
sec. Weighted arithmetic averages are 31.6 sec. and
71.2 sec. respectively.
3.3 Cycle Distance
A frequency distribution of cycle distance as
obtained, from the bus data is shown in Fig. 3-2.
The presence of both the urban and. suburban driving
cycles is quite apparent. The urban driving cycle is
considered, to be from zero to 1200 ft. and suburban from
1200 to 2800 ft. Weighted arithmetic averages then are
640 and 1940 ft. respectively.
3.4 Acceleration
It is proposed that the simplified, driving cycle
has constant values of acceleration. In order to obtain
representative and realistic values, the V-t bus data
(Appendix A), was computer analyzed in 1 sec. intervals
to determine frequency distribution of given ranges of
acceleration, deceleration, and corresponding vehicle
velocity. Results are shown ln Fig. 3-3.
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Frequency of acceleration/deceleration vs.
vehicle velocity. Based on 1-second sampling of
entire cycle. Acceleration range 5-6
ft/sec'
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urban driving cycle, the average duration of which has
been found to be approximately 32 see An examination
of bus performance curves (Appendix B), supplied by the
manufacturer of the bus studied, shows that maximum
speed attainable in this time Is approximately 28 ft/sec.
Fig. 3-3&-f shows that the highest acceleration frequen
cy Is approximately 3 ft/sec2 in this velocity range.
The apparent symmetry of acceleration
and*
deceleration
ln Fig. 3-3 is somewhat surprising; however, it indi
cates that the simplified driving oyole may be symmet
rical.
3.5 Simplified Driving Cycle
It Is proposed that a simplified driving cycle be
established consisting of a constant acceleration,
cruise velocity, and deceleration. Such a cycle is
shown ln Fig. 3-4. The following equations describe
cycle behavior:
T = ti + t2 + t3
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Substituting Eq. (3) into Eq. (l)
T = Vc/ai + t2 + Vc/a3
*..
t2
= T - V0/&1 - V0/a3 (5)
Substituting Eq. (4) and (5) into Eq. (2)
/
/
X = V2/2a + VCT -
V2




- l/2a3) + VCT - X = 0 (7)
Assuming the driving cycle is symmetrical,
al
=









X = 640 ft.
T = 32 sec.
a = 2.8 ft/sec.
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And substituting into Eq. (8)
Vcl =59.5 ft/sec.
V02 = 30.1 ft/sec.
Vcl is clearly beyond, the existing capability of the
vehicle considered and V02 then will be used. The pro
posed simplified driving cycle then will be of the form:
1. Constant acceleration
a = 2.8 ft/sec? tx
= 10.75 sec. xx= 162 ft.
2. Constant velocity
Vc
= 30.1 ft/sec. t2






= 10.75 sec. x-j
= 162 ft.
3.6 Ehergy Check
In order to verify the validity of the above cycle,
energy requirements will be compared to those of the
average actual driving cycle.
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The equation of motion of the vehicle shown in
Fig. 3-5 can be written as:
ma = F - mgrcoso^ + mg sinoC.
- CqS (9)
where :
a = acceleration V = vehicle velocity





gravitation const. F = driving force
f = air density S = frontal area
r = rolling resistance 9C
= grade
C = aerodynamic drag coefficient
Letting d = 0 and rearranging Eq. (9)
F = ma + mgr +
c|<^V2
(10)
Por constant velocity (a = 0), Eq. (10) takes form




The mechanical power required, is given by
P = FV

















Letting dt = and substituting Eqs. (10) and (10a)
into (11), we obtain explicit expressions for energies
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The following values are substituted into Eqs. (11a),
(lib) and (lie).
W = 23,000 lbs. <J = .00234
slugs/ft.3
g











The energy requirements then are:
Ea = 678 hp-sec.
Ec = I85 hp-sec.
Ed. = 498 hp-sec.
Consequently, the total mechanical work done on
the vehicle during the driving cycle is:
Wm = Ea + Ec = 863 hp-sec.
The average computer calculated energy requirement,
using the 4400 sec. data file and the above equations,
was found to be 982 hp-sec.
The approximate actual mechanical energy per cycle
can be calculated from fuel consumption: The RTS bus,
23
driven 62 cycles over a distance of 11 miles during the
data collection, used 1/4.8 gpm of fuel at 115,000
BTU/gal. Assuming engine and drive train efficiencies
.25 and .65 respectively, the actual mechanical work
per cycle is:




4.8 x 62 ".707 BTU/hp-sec.
Wma = 977 hp-sec/cycle
The total mechanical work of the simplified driving
cycle is within 15$ of both the calculated and actual
values of the actual (average) cycle. This variation is
considered acceptable because of limited objectives
followed by the development of the simplified driving
cycle.
3 . 7 Summary
The analysis of actual bus data (Appendix A) shows
that an urban driving cycle can be represented by a
simplified driving cycle consisting of constant accel








Distance (ft. ) 162
7elocity( ft/sec.) 0-30.1
Timet sec.) 10.75
The objectives followed in development of the
simplified cycle were formed primarily by the need to
evaluate performance of the HHPS control system. This
and the small size of actual data should be taken into
account when considering general validity of such a
driving cycle.
4. HHPS - GENERAL CONFIGURATION
The general configuration of vehicle applied HHPS,
as shown in Fig. 4-1, will be used in evaluation of
control system performance. Individual components of
Fig. 4-1 are discussed ln this section and most are sub
sequently modeled and specified, in Section 6.
Prime Mover
The prime mover is the sole source of power during
the vehicle's cruise and. in this mode its operation is
identical to that of a conventional vehicle. During
acceleration, the primary source of power required to
overcome the vehicle's inertia is the pump/motor unit or
more accurately, potential energy stored in the hydrau
lic accumulator. The prime mover, while engaged in
this mode, is limited by its size to overcoming the
system's losses and providing power to auxilliary systems
such as air conditioning, etc. In addition, in all
modes of operation, it powers secondary and charge pumps
of the HHPS.
Secondary Pump
The secondary pump is a low volume, high pressure




















provides fluid to the hydraulic servo of the pump/motor
unit; (b) when not employed in (a), It provides a small
Inflow of fluid into the hydraulic accumulator to com
pensate for pump/motor unit leakage losses and, there
fore, maintains the energy level of the accumulator.
This is especially Important during stoppage when maximum
potential energy must be available to accelerate the
vehicle. For this reason, the pump is coupled to prime
mover; its operation is thus continuous but with a non-
constant speed.
In situations when the pump's output Is not required
for the purposes described above, the pump is unloaded
by means of opening a 2-way valve in the pump's output
line. The valve is controlled by control system.
Charge Pump
This pump is a high volume/low pressure pump with
the sole purpose of providing back pressure to pump/motor
to prevent the unit's cavitation. Ihe pump is coupled
to vehiole's drive shaft; pump pressure, typically
125psl, is controlled by relief valve in its output line.
Associated with this pump is a small accumulator, used
to absorb shocks during cam plate position change.
Vehicle




Introduction of the HHPS into vehicle's drive does
not ln itself dictate any transmission changes. How
ever, the following considerations are offered.
a) Due to reduced size of prime mover, trans
mission capacity may also be reduced.
b) It is desired that the amount of K.E. converted
into hydrostatic potential energy is maximized; engine
braking is detrimental to this objective. While a trans
mission feature preventing engine braking may be
desirable, a proper driving technique will suffice.
Pump/Motor Unit
This is a variable displacement, axial piston pump.
Displacement and operational mode is determined by the
position of pump's cam plate which can be adjusted from
positive to negative angle. When the cam plate angle is
positive (pump mode), and power is applied, to the input
shaft, high pressure outflow is produced. When the cam
plate is reversed (motor mode), pressurized, fluid, flows
to the unit and torque (output) is generated. In the
HHPS, the output shaft of pump/motor is coupled, through
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a speed reducer, to the vehicle's drive shaft. Bringing
the unit's cam plate into
"pump"
position results in the
drive shaft driving the unit and pumping fluid into
hydraulic accumulator. Since the vehicle's inertia is
the input, the vehicle is braked. Conversely, fluid from
hydraulic accumulator flows towards the unit when the
cam plate is in
"motor"
position. Thus, the output shaft
drives the vehicle and potential energy -of hydrostatic
pressure is converted into kinetic energy. Position of
the cam plate is controlled by a hydraulic servo system
obtaining necessary operating pressure from the accumu
lator. The proportional valve of the servo system is
to be of a spring centered, solenoid type; the appropriate
control signal is provided by the vehicle control system.
Velocity Signal Generator (VSG)
The VSG is a tachometer, coupled to the vehicle's
drive train. Its output, proportional to the vehicle's
velocity, is used in the control system.
Accumulator
'The hydraulic fluid pumped by the pump/motor unit
flows into the accumulator and kinetic energy of the
vehicle is thus converted into hydrostatic potential
energy of compressed gas. Correspondingly, this energy
is converted, into driving torque upon fluid's discharge
30
when pump/motor is in motor mode.
Associated with the accumulator are temperature and
pressure sensors, the output of which is used in the
control system.
5. CONTROL SYSTEM
This section deals with the primary objective of
this work: The design of a system to control operation
of a vehicle based. Hydraulic Hybrid Propulsion System.
Component reference pertains to configuration as shown
in Fig. 4-1.
In the early stages of this work emphasis was put
on design of a mechanical type system; relative simplic
ity and. economy were seen to be the main advantages of
this approach. It became apparent, however, that the
wide range of ambient temperatures within which the
system is expected to operate would affect its response
and reliability. Additionally, built-in characteristics
of the mechanical type system appear to be less then
desirable. The anticipated need to change the device's
parameters during initial testing makes a degree of
flexibility essential. Consequently, this approach has
been abandoned in favor of a microprocessor based system.
The computational capacity of microprocessor is
quite obviously much greater than requirements of this
application; it offers however, the possibility of
applying the excess capacity to tasks other than HHPS
31
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control, such as diagnostics, prime mover and vehicle
systems control.
The functional performance of the control system is
proposed in this section. A model of HHPS is given ln
Section 6. A performance evaluation of the HHPS, based
on computer evaluation is given ln Section 7.
5.1 Control Strategy
Vehicular motion can be separated into three dis
tinct phases: Acceleration, cruise, deceleration.
Control strategy, as applied to the above types of
motion is proposed to be:
a) Acceleration
Pump/motor unit delivers maximum power through
out the entire period of acceleration, as allowed by the
state of the accumulator. The driver has an option of
bringing on line the prime mover to supplement HHPS
through control of fuel flow rate.
b) Cruise
The constant energy approach is used to govern
the control device during cruise. In this scheme, (4),
the sum of kinetic and potential energy Is maintained




-^lationship of .E. and jC.S. for cruise control strate -v.
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Thus, the governing equation is:
P.E. + K.E. = Emax (12)
Velocity, as a measure of vehicle performance is of
primary importance to the vehicle operator; its relation
to kinetic energy then makes K.E. desirable to be the
leading parameter ln equation (12). This means that the
control device will adjust P.E. of the system in order
to satisfy the governing equation.
Constant Emax is defined, by the maximum speed Vmax
from which the accumulator would receive a full charge
upon lossless stopping of vehicle. That is, Emax
=
l/2m Vmax , where it is Important to note the Vmax Is
not necessarily the top speed of the vehicle.
The prime mover remains the only source of power
during cruise. While the prime mover size is marginal,
situations will exist when vehicle speed may be increased
above Vmax through prime mover power (fuel) application.
c) Deceleration
In this phase, cam plate of pump/motor unit is
brought to
"pump"
position. Engine braking is undesir
able in order to maximize energy recovery. The standard
braking system is retained for emergency situations.
35
5.2 Control Device Input
5.2.1 Energy
The control strategy of constant energy requires
that both potential and kinetic energy of HHPS are known.
These quantities will be calculated in the microprocessor
on the basis of a velocity signal from the tachometer
and pressure and temperature signals from the accumula-
tor.
a) Kinetic energy
K.E. is defined by expression:
K.E. = l/2m
V2
where V = vehicle velocity and m = vehicle mass.
Mass m will be considered a constant here; in
reality it will vary depending on number of passengers.
b) Potential Energy
As given in Fig. 3-4, the driving cycle under
consideration oonsists of a short duration acceleration,
followed by cruise and a short period of deceleration.
Because of the rapidity of changes ln the thermodynamic
state of the accumulator, heat transfer across accumula
tor walls becomes negligible and the assumption of an
adlabatlo process can be made. The validity of such an
36
assumption has been verified by tests (3). The relation
ship between various phases of vehicle motion and the
state of the accumulator is apparent from Fig. 5-2a,b.
Let us consider the adiabatic process, shown in Fig.
5-2b.
The following relationships apply: The equation of
state for an ideal gas is:
PV = RT (13)
and the adiabatic relation is:
PV11
= Const. (14)
Work done on the vehicle by the accumulator is de
fined as positive here. In Fig. 5-2, the maximum work
that the vehicle does on the accumulator is:
aWb = } PdV (15)
C
From Eq. (14), P = -
Eq. (15) then becomes:
b
















Fig. 5-2 a.b Adiabatic process and driving cycle
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Which, upon taking the limits, becomes:
JL ( 1-n l-n\
a"b = 1^ \vb - Va J (16)















Similarily, the work done by the stored, energy system
on the vehicle can be written as:
3W4
= ^l(p3v3 " p4v->)
= l[h ~ ^T] (18)
Stored energy can be expressed in terms of any two of





Volume measurements appear to be difficult to accomplish,
especially with bag type devices which are likely to be
employed, ln HHPS; consequently, the control system will
































into the above equation, we








Potential energy, as defined by the above equation will
be computed accordingly by the programmed microprocessor.
Gas constant R, pressure P4, and polytropic constant n
are constants. Values of variables P3 and T3 are pro
vided by accumulator transducers.
5.2.2 Vehicle Operator Input
The primary function of the vehicle operator remains
the same as in a conventional vehicle; to initiate a
control action either on the basis of comparison of
actual and desired kinetic conditions or in response to
operating environment situations. Consequently, the
basic control actions employing the use of the accelera
tor, clutch, and brake will remain essentially unchanged
except for the following two modifications:
1. A spring loaded paddle switch, manually actu





2. A single pole double throw switch is added to
the conventional brake control to generate
"brake"
signal.
To illustrate the function of the above, let us
assume that the operator wishes to accelerate the vehicle
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from zero speed or cruise - the latter being contingent
upon P.E. availability - to some higher speed.
The operator activates the
"accelerate"
switch
resulting in a signal which brings stored energy on line;
the vehicle accelerates. To supplement the output of
HHPS, the driver is free to engage the prime mover by
means of the accelerator. Assuming that maximum design
speed is desired, acceleration (due to HHP) continues
until no stored energy is available. At this point, the
"accelerate"
signal is automatically replaced by the
"cruise"
signal. Cruise power is then supplied entirely
by prime mover.
If acceleration needs to be terminated prior to
maximum cruise speed being reached, driver again activates
switch;
"accelerate"
signal is replaced by "cruise".
This can also be accomplished by touching the brake
pedal momentarily.
To decelerate the vehicle, the operator uses clutch
and brake pedal very much the same way as in a conven
tional vehicle, with the following distinction: To
decelerate the vehicle for reasons other than emergency,
the operator depresses the brake pedal far enough only
to close the
"brake"
signal generating switch. The
hydraulic unit is then switched to the
"pump"
mode and









In order to maximize energy recovery, engine braking
is to be discouraged.
Further depression of the brake pedal results in
engagement of the conventional brake system ln addition
to the braking mode of HHPS; conventional braking is to
be limited to emergencies.
5.3 Control Device Output
5.3.1 Pump/motor Unit
The ultimate objective of the control system is to
bring the cam plate of pump/motor unit into the desired
position. Commercially available units (variable dis
placement pumps) have the cam plate actuator and its
controls already incorporated into the pump/motor design.
The control used, is a proportional spool valve; the basic
arrangement of which is shown in Fig. 5-3
An analytical description of the system of Fig. 5-3
is not presented here because of difficulties in obtain
ing realistic values of the system's parameters.
Variable displacement pumps are characterized by
low efficiency at low cam plate angles. For this reason,
the control system will be designed to provide maximum


































rather than continuous control throughout plate's entire
travel. A side benefit of this approach is its simplic
ity; rather than employ a position servo to position the
valve's spool, double solenoid, spring centered, spool can
be used.
5.3.2 Secondary Pump
The secondary pump, driven by prime mover, is used
to make up dissipative and. leakage losses associated, with
the HHPS and vehicle drive line. This pump is to be dis
engaged under the following conditions:
1. Cam plate is centered - i.e., the system is in
"cruise"
mode.
2. Actual stored potential energy, PEA, is greater
than calculated, potential energy, PEC, by an amount
greater than some arbitrarily established value D - i.e.:
PEA - PEC >D
3. The system is in
"accelerate"
mode, dhen en
gaged, the secondary pump significantly reduces the total
vehicle drive torque. The secondary pump disengagement
is accomplished by means of unloading the pump's output
through opening a 2-way valve, as shown in Fig. 4-1.
45
5.3.3 Annunciation





annunciated by engaging an appropriate L.E.D.
5.4 Control Device Proposal
A schematic of the proposed, control device is shown
in Fig. 5-4. The device accepts two types of input
signals :
a) Command, signals from the vehicle operator:
1) Accelerate/cruise signal generated by acti
vating spring loaded, paddle switch.
2) Brake signal from single pole double throw
switch. Both switches operate on +5VDC. Modes of en
gagement are described in Section 5-2.
b) Sensor Signals
Sensor signals in analog form enter the micro
processor through the multiplexer. After being digitized,
these signals are used to compute the potential and.
kinetic energies of the HHPS/vehlcle system. Pertinent
relationships are described in Section 5.2. Signals
generated by sensors are:





































































































































































which is coupled to the vehicle drive line.
2) Strain-gage type pressure transducer pro
viding reading of accumulator pressure.
3) Accumulator temperature signal provided by
cold junction thermocouple and amplifier.
The 5^ output signals of the microprocessor are
used to operate driver/buffers to energize 12VDC sole
noids of the 2 -way and spool valve and LED'^. Relation
ships between the microprocessor output and various
operational modes of the HHPS are described in Section
5.3.
Ihe microprocessor logic diagram which establishes
the relationship between the inputs and the outputs is
shown in Fig. 5-5. fhe logic is described as follows:
a) Brake Signal
Presence of this signal, generated by closing
3PDT switch, causes removal of any previous command
signal A or C and results in solenoid No. 2 and annun
ciator light No. 2 being energized.
b) Acceleration Signal A
Generated by activation of SLP switch, it
results in energizing of solenoids No. 1 and No. 3 and
annunciator light No. 1, provided the following con
ditions are satisfied:
H CM P-i rH CM C*>
tfc H; 11- -It; "ifc ^fc
O O O W W Cq
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l) B is not present.
2) Stored energy is greater than zero.
If any of the above exist, Signal A is removed.
c) If A and B signals are absent, the system
operates in
"cruise"
mode, defined by constant energy
strategy. Cruise mode can be established, in three ways:
l) Vehicle operator desires to discontinue
acceleration and activates SLP switch into cruise posi
tion signal C is present.
2) Stored, energy is exhausted.
3) Signal B is removed.
Presence of signal C results in energizing of annun
ciator light No. 3> no other operational distinction
exists among conditions a, b, and c. During this
"cruise"
mode, values of the actual and calculated P.E. are
established. Actual P.E. is computed from pressure and tem
perature signals according to relationship established
in Section 5.2. The calculated. P.E. is determined, by
the constant energy strategy defined by Eq. (12).
The P.E. and. K.E. then are processed in the follow
ing manner:
1. |PEA-PEG < D
The relationship between P.E. , defined by thi;
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condition, is shown in Fig. 5-g. The loci of P.E. and.
K.E. lie within the tolerance zone of width 2D from the
constant energy line. The requirements of the control
strategy, defined by Eq. (12), are satisfied and the
control system responds by energizing solenoid No. 3.
This results in opening of the 2-way valve in the sec
ondary pump's output line and thus, the pump's disengage
ment.
2. PEA-PEG >D
If PEi>PEc, the loci of P.E. and K.E. ln Pig.
5-6 lie above the constant energy line and outside
tolerance zone. This, in effect, indicates an excess
of stored. P.E. for given vehicle velocity. The primary
reason for this condition is expected to be an application
of excessive prime mover power by the vehicle operator
d.uring the acceleration phase, i.e., the prime mover is
operated, at an output power level greater than that
necessary to compensate for the system's losses.
In order to satisfy control strategy requirements,
the control system energizes solenoid. No. 1 and. cam plate
is brought into
"motor"
position. The result is a con
version of P.E. into drive torque, additional to that
provided by the prime mover. As acceleration may not be





will have to be reduced.
If PEa<PEc, the loci of P.E. and K.E. in Fig. 5-7
lie below the constant energy line and. outside the
tolerance zone. This condition represents low level of
stored. P.E. and could, be caused by cruise periods of
significant duration and by substantial headwind, or
other forms of resistance. No action is initiated by
the control system, i.e., cam plate Is centered and the
secondary pump is disengaged.
The control device functions, described above, are
represented in the computer program by subroutine CONT.
6. HHPS - MODEL
The performance of the proposed control system will
be evaluated, by means of a digital computer simulation
of HHPS. In this section, analytical models and speci
fications of HHPS components will be developed. The
HHPS configuration considered here is that of Fig. 4-1.
The components' specifications are for a city bus of
performance defined by the simplified driving cycle
developed in Section 3. Soubroutines developed here are
given in App.D.
6.1 Control System - See Section 5
6.2 Vehicle
Consider the forces acting on a vehicle as shown in
Fig. 2>"5
a) Aerodynamic drag D:
D = is . C ,C.(V + V
)2
2 v w
where: S = frontal area of vehicle




Vw= head component of wind.
\
= air density
b) Gradient force G:
G = W . sino<
where: W = vehicle weight
o( = grade angle
c) Rolling resistance R:
R = W . r . cos&(
where: r = rolling resistance
d ) Drive force F:
This is the force supplied by the vehicle's
drive shaft. Since both the prime mover and pump/motor
unit have torque output, it is useful to express F in
terms of torque.
Letting: Gl = axle ratio
Rt = tire radius
Td = drive torque




The equation of motion is given by:
w- H_i _ lSC$3(Vv+Vw)2 + Wslno(-Wrcoso( (21)TTF
The actual bus data, on which the simplified driving
cycle is based, does not contain wind velocity and









>.A \d t ja<
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2W Vdt ) Rtrt (22^








The Flexible Co., bus, model IIICD-DSI, was used
during data collection. The following parameter values
are those supplied by the manufacturer of this vehicle:
W = 23,000 lbs. - vehicle weight
Gl =4.62 - axle ratio
Rt = 20.2 in. - tire rolling radius
56










S = 80 ft. - vehicle's frontal area
Substituting the above into Eqs. (22) and (23), we
obtain:
A2 2
d. x -6 dx
dt2 + 91.34 x 10
dt
-3
Td(lb-in) .32 x 10 - .3864 (22a)
and:
If = ,0765CO(RPM) (23a)
Subroutines VEH and DERI, utilizing the 4th order
Runge-Kutta method, will be used to solve Eq. (22a).
Initial conditions: x (0) =0
V (0) = 0
6.3 Prime Mover
Internal combustion engine, defined by (fuel-RPM-
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torque) characteristic curves, such as shown in Fig.
6-1, is considered, here.
Engine torque T is a function of the rate of fuel








The equation for the operation of the engine about some
reference point then is:
<5T






Characteristic curves used here were established
arbitrarily and are shown in Fig. 6-1. Output of such an
engine is 50 hp a 1500 RPM. Net power requirement to
cruise 4 30 ft/sec. is 27 hp.
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In order to reduce complexity, a manual, single re
duction transmission of 2:1 ratio is considered here.
6.5 Secondary and Charge Pumps
To calculate the pumps' power requirements, consider
the following relationships for the incompressible and
frictlonless fluid flow:
V = C'RPS - Flow, in3/sec. (25)
PW = Fv - power, lb-in/sec. (26)
F = p. A - force, lbs. (27)
V = A.v - flow, in3/sec. (28)
rthere: v = flow velocity, in/sec.
p
A = cross sectional area, in.
p
= output pressure, psi
C = pump size,
in-'/rev.
RPS = pump speed, rev/sec.
Substituting Eqs. (27), (28), (25) and the conversion of
lhp = 6600 ln-lbs/sec into Eq. (26):
p x C x RPS









A standard., bag type, device will be considered
here. As indicated in Section 5, adiabatic process
appears to adequately describe accumulator *s state.
Expression for work, done by the accumulator on the
vehicle, was found (Fig. 5-2, Eq. 17 ) to be:
3^4 =^I (p3V3
" *VM (3D














From PV = RT, P3V3
=











Differentiating the above with respect to Px and letting























Substituting Eq. (34) into (33) the expression for






As in actual situation, potential energy will be cal








Value of pressure P, to be supplied, by pressure trans




where V is volume at given time.
V =
tl
/ (! + "2 + 3>dt
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Where: Qi = flow from/to pump/motor unit
Q2 = flow from secondary pump
Q3
= outflow due to leakage losses of pump/motor





Hydraulic accumulator is represented by subroutine ACCU.
6.7 Specifications
It Is assumed that a nitrogen charged, accumulator,
operating at maximum pressure, Pmax
=
P2
= 3000 psi, is
used here.
The theoritlcal value of nitrogen's polytropic con
stant n = 1.4, will be used, as laboratory tests show no
significant change throughout the pressure range of this
application.
Using the above values, the accumulator precharge
pressure is calculated from Eq. (34): Pj
= 1250 psi.
PEmax, stored in the accumulator is given by the
governing equation of control strategy:
PE + KE = const, or PEmax = KEmax
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For a bus of mg = 23000 lbs. and velocity V = 33.5
ft/sec, PEmax = 400,000 ft-lbs = 770 hp-sec.
The precharged gas volume is calculated from
Eq. (35) to be 3354 in3.
PE, stored in the accumulator, is to be calculated








Values of ambient temperature T, and gas constant
R, used here, are 75F (535R) and 1046.7 ft/lbs/R
respectively.





For the purpose of this section, the function of
vehicle operator is defined as :
a) Comparison of actual and desired vehicle
velocity with the latter being established, by the sim
plified driving cycle (Section 3.0) and taking following
actions :






2) Fuel flow control.
b) Clutch disengagement
The above functions are represented by sub
routine DRIV.
7. TEST RESULTS
The following is a discussion of results of a
digital computer run of an HHPS equipped city bus. The
simulation is based, on models of HHPS components devel
oped, in Section 6.0 and the simplified driving cycle of
Section 3.0. The primary objective of the 'test run is
to evaluate the control system proposed in Section 5.0.
For computer program and readout see Appendix D.
7.1 Velocity Control
The capability of the system to follow an operator-
determined velocity profile is considered of prime
importance as this is related both to the safety and.
passenger comfort. Fig. 7-1 shows the simplified driv
ing cycle and the actual velocity profile obtained in
the simulated run. The following observations can be
made.
The acceleration phase, corresponding to segment A-B
of the actual velocity profile, is characterized by a
close velocity match. This is not entirely unexpected
since the desired acceleration of 2.8
ft/sec2
falls
within the acceleration envelope of the system. The


































sponds to power output of pump/motor unit and the width
of the zone is established by the maximum prime mover
power. Since the prime mover is controlled by the
vehicle operator, any value of acceleration/velocity
which is within the above limits, can be achieved. The
effect of vehicle weight variation has not been investi
gated .
The driving cycle calls for cruise to *begin at
point B - the actual velocity, however, continues to
increase. This is a result of the control system's
response to an excess of PE, namely the operation of
pump/motor unit in
"motor"
mode. This condition will
be discussed further ln Section 7.2. While the uncon
trolled velocity increase appears to be a serious
shortcoming of the system, it is anticipated that a
proper driving skill and the ability of the operator to
anticipate would provide for an adequate control.
The excess PE is dissipated at point C and the
actual begins to decrease due to aerodynamic
drag and rolling resistance of the vehicle. At point D,
brake command, brings the pump/motor unit Into
"pump"
mode and the vehicle begins to decelerate as kinetic
energy is being converted into kinetic. The rate of
"actual"
deceleration appears to match that of desired.
It should be emphasized that the rate is determined, in
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addition to pump/motor unit size, by the state of the
accumulator and. vehicle weight.
A change in the number of passengers, for example,
would result in the rate of deceleration change. Natu
rally, the conventional brake system can be actuated to
provide for faster braking.
7.2 Energy Flow
The relationship between KE and PE throughout the
simulated vehicle run is shown ln Fig. 7-2.
The control system has no provision to control the
balance between PE, KE, and vehicle velocity during the
acceleration phase. If the pump/motor unit were to be
the sole source of power during the acceleration phase,
the sum of PE and KE would, remain essentially constant.
Application of prime mover, needed, to attain an adequate
acceleration, results however in excess of PE when the
desired, cruise velocity is achieved. This condition is
represented by point B in Figs. 7-1 and 7-2.
The cruise phase of vehicle motion is governed by
the constant energy strategy. The control system
responds to the excess PE by engaging pump/motor unit in
"motor"
unit resulting in conversion of PE into KE. At
point C, PE becomes zero and pump/motor is neutralized.





















Fig. 7-2 Energy Balance
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rolling resistance and power requirements of the charge





mode and KE is being converted into PE. The
prime mover driven secondary pump is engaged, until
maximum precharge pressure is reached..
8. CONCLUSIONS AND RECOMMENDATIONS
The simulated run indicates the control system
operates as specified. Noting that the test run does
not provide for a variety of conditions likely to be
encountered in vehicle service, such as weight variation
and presence of grade and headwind, the following con
clusions can be offered:
1. For a given pump/motor unit size, accumulator
pressure and vehicle weight, there is a minimum acceler
ation the system is capable of producing. This is due to
the on-off characteristic of the control system. An
alternate approach, permitting continuous positioning
of cam plate and thus any acceleration from zero to
maximum, was initially considered and rejected because
of low pump/motor efficiency at low cam plate angles .
2. As noted, the proposed control system is to
maintain energy balance during vehicle cruise; no provision
is made for energy management during the acceleration/
deceleration phase. Thus it is possible - as shown in
Fig. 7-1 to have excess PE at the beginning of (desired)
cruise phase. The system's response is to dissipate this
excess PE by means of operating the Pump/Motor unit in
'motor'
mode and thus increasing vehicle velocity.
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While this situation is somewhat emphasized by the type
of analytical models of vehicle operation and Pump/Motor
unit used in the computer simulation it must be viewed
with concern. The following steps can be taken to
remedy the situation.
A. Driving Skill
Development of proper driving skills and the vehicle
operator's ability to anticipate the rates of velocity
increase is expected to secure an acceptable performance
of the system.
B. Dissipation of Excess PE
This approach requires addition of a valve into the
accumulator output line. This valve is to be open -
to bleed off accumulator pressure - upon conditions of
excess PE and cruise command. While the complexity/cost
of the system is little affected by this approach,
it's overall efficiency is decreased.
C. Prime Mover - P/M Unit Separation
The mode of operation is to be modified so that Pump/Motor
unit only is engaged during the vehicle acceleration;
the Prime Mover is then to be engaged during cruise only-
The principal disadvantage of this approach is the fixed
rate of acceleration determined by vehicle weight. Also,
in order to obtain an adequate acceleration the capacity
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of MMPS has to be substantially increased. Because
fuel consumption of Prime Mover is relatively independent
of power, the overall efficiency is compromised.
D. Total Energy Management
This requires coupling of Prime Mover and Pump/Motor
operation in the Control System. Neglecting consid
erations of the added hardware, the approach would
require operation of Pump/Motor unit's at -low efficiency
levels.
E. No Energy Management
In this approach, the cam plate position is controlled
by the operator in all phases of vehicle motion and
independently of the energy stored. The only function
of the control system is to ensure full accumulation
charge prior to driving cycle start. This system does
not require a microprocessor.
3. In order to reduce leakage losses, it is pro
posed that a two-way valve be added in accumulator line.
The valve would be closed when cam plate is in
"neutral"
position.
4. The proposed means of
"accelerate"
signal
generation by a separate control, while workable, is
less than convenient from the operator viewpoint. Inte
gration with prime mover control would appear feasible
and desirable.
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5. The proposed General Configuration of MMPS
(Fig. 4-1) shows the servo of Pump/Motor unit operating
at accumulation pressure varying from 1000-3000 pn.
It is proposed that a third, low pressure, low volume,
Prime Mover driven pump is added to reduce component
quality requirements.
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Subroutine CONT - returns signal to position cam plate of









PACO-Accum. pressure lbs/in2-from ACCU
W-vehicle velocity ft/sec. from VEHI
Signal from DRIV represents position
of spool valve: AA = 1 - acceleration
BB = 1 - cruise
00 = 1 - deceleration
CONSTANTS:
TA - Ambient Temp. P.
EMAX - Max. energy stored at max. pr.
(ft-lb)
RE - Gas constant
PRE - Min. working 'f>r.
lbs/i2
CN - Polytropic constant
ENPO - Potential energy (lbs-ft)
ENDI - Energy deviation (lbs-ft)
OUTPUT:
SI = +1 - Accum.
S2 = 1 - Brake
S3 = 1 - 2-way valve opened.
VI
Subroutine PRM
Function: Returns prime mover torque for given RPM and


























0M2 - Prime Mover REM
QF - fuel flow (bs/hr)
TOR - Prime Mover Torque in-lbs
Char, curves established
arbitrarily.jldle con




Subroutine PUMO returns drive/brake torque and flow to/from
pump/motor unit.
INPUT VARIABLES:
SI = 1 - motor mode
S2 = 1 - pump mode
PAOO = accumulator pressure















NOTE: Volumetric and overall
efficiency values tab
ulated as a -fen . of speed.
OUTPUT VARIABLES:




Subroutine ACCU delivers accumulator pressure on the basis of








FPM - Flow in/out from/to pump
unit (in3/sec)
FLOI - inflow from sec. pump
(in3/sec)
DT - time increment (sec)
VGAS - Compressed gas volume
(in3)





ON - Polytropic constant
QLOS - Loss factor due to leakage
of pump/motor unit -
(inVsec-lb)
/lj Represents relief valve
pa:c
DS
Subroutine DRIV compares actual and desired velocity, changes
amount of fuel to prime mover corresp., generates signals














TIM = Time sec.
W = vehicle vel.
QF = fuel flow
AA = 1 - acceleration
0 - stop
BB = 1 - deceleration
CC = 1 - cruise
DTE = dif . between actual and
desired
DRIVING CYCLE CONSTANTS:
Tl = End of Accel.
T2 = End of Cruise
T3 = End of Deceleration (stop)
RTA = Accel.
RTD = Deceleration
VCR = Cruise vel.
D6
Subroutine PUM delivers torque requirements and flow of
Secondary and Back Pressure pumps. Secondary pump's output




0M3 = Sec. pump speed (rev/sec)
0M4 = Back pr. pump speed (rev/sec)
S3 = Signal from cont.
S3 = 1 - sec. pump valve open
S3 = 2 - sec. pump valve closed
PACC = accumulator pressure -
lbs/in2
PRI = Line pressure lbs/in2
OUTPUT:
sec.
TP1 = Driving torque at/pump lbs-in
TP2 = Driving torque at back pr.
pump lbs-in
F101 = sec. pump flow (in3/sec)
FL02 = Back pressure pump flow
( in3/se c )
PW1 = Power r^d. for sec. pump
PW2 = Power rgcd.for back pr. pump
CONSTANTS:
PR2 = relief valve setting (lbs/in2)
01 = Size of sec. pump (in3/rev)
02 = Size of back pr. pump (in3/rev)
Dumping controlled by Control System
Relief Valve
VI
Subroutine VEIII returns displacement and velocity of
vehicle
as well as average velocities of all the system's rot.,
components. It solves eo_. of notion by Runge-Xutta method













X(l) = Displacement ft.
X(2) = Ve looity ft/sec.
TIX = Total Tine sec.
DT = Time increment sec.
OUTPUT:
0X1 = A'ng. vel. of dr. shaft rev/sec.
01.12 = Prime mover ang. vel. rev/min.
0H3 = sec. pump an-, vel. rev/sec.
01.14 = back pr. pump vel. rev/sec.
01:15 = Pump/motor unit rev/nin.
CONSTANTS:
Gl = Axle ratio
G2 = Transaction ratio
G3 = Sec. pump gear ratio
G4 = Back pressure gear ratio
V G5 Pump/motor gear ratio
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